ABSTRACT V335 Ser is now known to be an eccentric double-lined A1+A3 binary star with fairly deep (0.5 mag) partial eclipses. Previous studies of the system are improved with 7456 differential photometric observations from the URSA WebScope and 5666 from the NFO WebScope, and 67 high-resolution spectroscopic observations from the Tennessee State University 2 m automatic spectroscopic telescope. From dates of minima, the apsidal period is about 880 years. Accurate (better than 2%) masses and radii are determined from analysis of the two new light curves and the radial velocity curve. Theoretical models match the absolute properties of the stars at an age of about 380 Myr, though the age agreement for the two components is poor. Tidal theory correctly confirms that the orbit should still be eccentric, but we find that standard tidal theory is unable to match the observed asynchronous rotation rates of the components' surface layers.
INTRODUCTION
Eclipsing binary stars provide critical information that can be used to test our current theories of stellar evolution. By measuring accurately the changes in brightness over time (the light curve), times of minimum light (the ephemeris curve), and the pattern of changing radial velocities of the components (the radial velocity curve), orbital parameters may be determined including the masses, radii, luminosities, and internal structure constant. Additionally, the projected rotation rates (v sin i) of the components may be measured from high-resolution spectra. These observationally determined values can then be compared with theoretical results from the current theory of stellar evolution to gauge the degree of completeness of the theory. These are the main goals of this type of investigation. A general compilation and investigation of the results from these types of studies is given by Torres et al. (2010) .
The detached eccentric main-sequence eclipsing binary star V335 Ser (BD+01 3151, HD 143213, SAO 121294, TYC 353-301-1) is a relatively bright star (V = 7.45 mag), originally classified as spectral type A0 but now known to be A1+A3. It was first discovered as a variable star from measurements by the TYCHO instrument of the Hipparcos satellite (Makarov et al. 1994) . Bastian & Born (1997 , 1998 determined the first accurate eclipse ephemeris, with a period of about 3.45 days. This star was classified as a spectral class A1 spectroscopic binary by Paunzen et al. (2001) . The displacement of the secondary eclipse indicated an eccentric orbit, and many times of minima have been published (see Section 2). Bozkurt (2011) was the first to report absolute properties of this system, 4 Visiting Astronomer, Kitt Peak National Observatory, National Optical Astronomy Observatories, operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the National Science Foundation. 5 The research at Tennessee State University was supported in part by NASA, NSF, Tennessee State University, and the state of Tennessee through its Centers of Excellence program.
based on many fewer observations than ours, but his results differ significantly from ours.
PRIMARY ECLIPSE EPHEMERIS
Published photoelectric or CCD dates of minima have been gathered and are given in Table 1 . In cases where multiple observations were made of the same eclipse in different filters with the same equipment, a mean value is cited in Table 1 with an uncertainty reflecting the scatter of values published. A linear ephemeris was fitted to the dates of primary eclipse by using a least-squares method that scaled the uncertainties to produce a reduced chi-square of unity, which is necessary to accurately calculate the uncertainties of the period and zero epoch. The results, based on the 13 dates of primary minima, are HJD Min I = 2,454,685.70124(18)+3.4498837(12) E.
Residuals are shown in Figure 1 . This ephemeris was used in analyzing the photometry and radial velocities to be discussed below.
APSIDAL MOTION
An ephemeris curve solution was made by using the leastsquares method of Lacy (1992) on the data in Table 1 . This method allows one to accurately estimate many of the orbital parameters of the binary star and their uncertainties by using an iterated least-squares fitting algorithm applied to the observed dates of minima, taking into account the published observational errors. The principal orbital parameters determined from fitting this so-called ephemeris curve are the eccentricity (e), anomalistic period (P a ), longitude of periastron (ω), apsidal motion rate (ω), and reference time of minimum light (T o ). These five parameters are fitted to the data. The inclination was fixed at the value found in the photometric solution (see Section 5). The apsidal motion period (U) can be calculated easily from the apsidal motion rate. Apsidal motion in this binary system is due to both a classical Newtonian interaction and the general relativistic effect, but the Newtonian contribution is the greater one in this case, being five times as large as the relativistic contribution. Uncertainties in the dates of minima were adjusted (scaled) by the fitting method in order to result in a reduced chisquare of unity, which is a necessary step for the accurate estimation of the fitted orbital parameter uncertainties via the Levenberg-Marquardt method. The orbital parameters so determined are given in Table 2 , and the fit is displayed in Figure 2 . No noticeable pattern is evident in the residuals to the fit, which fact is consistent with the assumption that the binary system does not appear to have any additional close stellar components. State University (TSU) 2 m automatic spectroscopic telescope, a fiber-fed echelle spectrograph, and a 2048 × 4096 SITe ST-002A CCD (Eaton & Williamson 2007) . The echelle spectrograms have 21 orders that cover the wavelength range 4920-7100 Å. The resolution depended on the fiber used and was either 0.24 or 0.4 Å, which produced typical signal-to-noise ratios of 60 and 100, respectively, at 6000 Å. The mean spectral profiles are shown in Figure 3 . In 2010 June, a single spectrum was obtained with the Kitt Peak National Observatory (KPNO) coudé feed telescope, coudé spectrograph, and a TI CCD. That spectrum is centered at 6430 Å, covers a wavelength range of 84 Å, and has a resolution of 0.21 Å or a resolving power of just over 30,000. The signalto-noise ratio is about 150. Fekel et al. (2009) have provided a general description of the velocity measurement for the Fairborn Observatory echelle spectra. However, because of its early spectral class, instead of a solar line list we have used a line list for V335 Ser that consists mostly of the lines of singly ionized elements such as Fe ii, Si ii, Ti ii, and Cr ii, which are prominent features in A and early-F stars. In addition, because the lines have moderately large rotational velocities, we have fitted the lines with rotationally broadened profiles (Lacy & Fekel 2011) . The resulting velocities are on an absolute scale. Our unpublished measurements of several IAU solar-type velocity standards indicate that the Fairborn Observatory velocities have a small zero-point offset of −0.3 km s −1 relative to the velocities of Scarfe (2010) . Thus, we have added 0.3 km s −1 to each Fairborn velocity. The radial velocity observations in Table 3 and fitted orbit are shown in Figure 4 .
Adopting the photometric period, preliminary orbital elements of the primary were determined with BISP, a computer program that uses the Wilsing-Russell method to obtain preliminary orbital elements (Wolfe et al. 1967) . Separate orbits for the primary and secondary were then computed with SB1 (Barker et al. 1967 ), a program that uses differential corrections to determine improved orbital elements. From the variances of the two solutions the velocities of the primary and secondary were assigned weights of 1.0 and 0.1, respectively. The center-of-mass velocities of the two solutions are in excellent accord, differing by only 0.3 km s −1 , a 1σ result. The other orbital elements that are common to both components also are in good agreement. Thus, we combined the appropriately weighted velocities of the two components into a double-lined solution, using a slightly modified version of SB1. The resulting orbital elements and related parameters are given in Table 4 . We also computed a double-lined solution with the period as a free parameter. The result is P = 3.4498768 ± 0.0000206 days, a value in excellent accord with the more accurate photometrically determined value of 3.4498837 ± 0.0000012 days. The radial velocities are compared with the computed velocity curves in Figure 4 . In this diagram, zero phase is a time of periastron. The time of conjunction with the more massive star behind, which corresponds to a primary eclipse, occurs at a spectroscopic phase of 0.052.
From the 12 Fairborn Observatory spectra with the highest signal-to-noise ratios, the rotational broadening fits result in average v sin i values of 30 ± 2 and 51 ± 3 km s −1 for components A and B, respectively. The uncertainties for the projected rotational velocities are conservative estimates. From those same spectra the average equivalent width ratio of the secondary relative to the primary, for lines centered at about 5540 Å, is 0.70 ± 0.02.
Spectra of a variety of early-and mid-A stars of known spectral type were rotationally broadened, shifted in wavelength space, and added together (Barden 1985) to reproduce the KPNO spectrum of V335 Ser in the 6430 Å region. The star 68 Tau is a known early-type Am star with an effective temperature of 9000 K (Pintado & Adelman 2003) , and its spectrum appears to be a reasonably good fit to that of the primary. The lines of the secondary are broader and weaker, making a comparison more uncertain than for the primary, but an acceptable fit was found with HR 7502 which is a somewhat cooler mid-A star, as indicated by its Hβ value of 2.812 (Crawford et al. 1966 ). Thus, we conclude that the primary is an early-type Am star and the secondary is a mid-A type star. Because of the metallic-lined nature of the spectrum, we do not expect the equivalent width ratio given above to be equal to the visual light ratio determined from the light curves in Section 5.3 below.
PHOTOMETRIC OBSERVATIONS AND ORBIT

Interstellar Reddening and Mean Temperature
Color indices in the uvbyβ photometric system have been published by Knude (1981) based on three sets of measurements. This photometric system is designed to allow accurate estimation of the interstellar reddening. The β value and spectral type place the mean spectral type in the A star region. The uvbyβ indices indicate that the mean spectral type is A2 according to Popper's (1980) E(b−y) = 0.050 ± 0.005 mag, where the reddening uncertainty is based on the observational errors in the color indices, and a visual absorption of A v = 0.215 mag. The value of δm 1 is not well determined for stars in this spectral range, so we cannot estimate the metallicity accurately from the photometry. The temperature calibration of Popper (1980) , which is based primarily on that of Hayes (1978) , gives a mean value of 8830 ± 150 K based on the value of (b − y) o . The difference in the temperatures of the hotter and cooler components, T h − T c , is much more accurately known from the central surface brightness parameter J B /J A (see below) as 512 ± 30 K, following the method of Lacy (1987) .
Differential Photometry
One of the telescopes used to obtain the differential photometry is the URSA WebScope, which consists of a Meade 10 inch f/6.3 LX-200 telescope with a Santa Barbara Instruments Group ST8 CCD camera (binned 2 × 2 to produce 765 × 510 pixel images with 2.3 arcsec square pixels) inside a Technical Innovations Robo-Dome, and controlled automatically by an Apple Macintosh G4 computer. The observatory is located on top of Kimpel Hall on the Fayetteville campus, with the control room directly beneath the observatory inside the building. Fivesecond exposures through a Bessell V filter (2.0 mm of GG 495 and 3.0 mm of BG 39) were read out and downloaded to the control computer over a 30 s interval, then the next exposure was begun. The observing cadence was therefore about 35 s per observation. The variable star would frequently be monitored continuously for 2-6 hr. V335 Ser was observed by URSA on 60 nights during parts of three observing seasons from 2008 April 28 to 2012 January 29, yielding 7456 observations.
The other telescope we used is the NFO WebScope, a refurbished 24 inch Group 128 cassegrain reflector with a 2K × 2K Kodak CCD camera, located near Silver City, NM (Grauer et al. 2008) . Observations consisted of 5 s exposures through a Bessell V filter. V335 Ser was observed by the NFO on 101 nights during parts of three observing seasons from 2008 April 11 to 2012 February 5, yielding 5666 observations. The images were analyzed by a virtual measuring engine application written by Lacy that flat-fielded the URSA images (the NFO images are flat-fielded before distribution), automatically located the variable, comparison, and check stars in the image, measured their brightnesses, subtracted the corresponding sky brightness, and corrected for the differences in airmass between the stars. Extinction coefficients were determined nightly from the comparison star measurements. They averaged 0.25 mag airmass −1 at URSA (they ranged from 0.20 to 0.30 mag airmass −1 ), 0.18 mag airmass −1 at the NFO (they ranged from 0.12 to 0.25 mag airmass −1 ). The comparison stars were TYC 0366-0878-1 (HD 143395, V = 7.19, K5) and TYC 0353-1061-1 (V = 9.88, F2). Both comparison stars are within 20 arcmin of the variable star. The mean nightly comparison star magnitude differences were constant at the level of 0.019 mag (URSA) and 0.034 mag (NFO) for the standard deviation of the mean magnitude differences between nights, and 0.023 mag (URSA) and 0.018 mag (NFO) for the standard deviation of the nightly differential magnitudes within nights. For the differential magnitudes, the sum of the fluxes of both comparison stars was converted to a magnitude called "comparisons."
The resulting 7456 (URSA) and 5666 (NFO) V magnitude differences (variable-comparisons) are listed in Tables 5 and 6 (without any nightly corrections) and are shown in Figures 5-7 (after the nightly corrections discussed below have been added).
Photometric Orbit
The light curve fitting was done with the NDE model as implemented in the code JKTEBOP (Etzel 1981; Popper & Etzel 1981; Southworth et al. 2007) , and the linear eclipse ephemeris adopted is that of Section 2. The main adjustable parameters are the relative central surface brightness of the cooler star (J B /J A ) in units of the central surface brightness of the hotter star, the sum of the relative radii of the cooler and hotter stars (r A + r B ) in units of the separation, the ratio of radii (k = r B /r A ), the inclination of the orbit (i), and the geometric factors e cos ω and e sin ω which account for the orbital eccentricity. Auxiliary parameters needed in the analysis include the gravitybrightening exponent, which we adopt as 1.00 and 0.97 for the hotter and cooler stars, respectively, based on their temperatures (Claret 1998) . Linear-law limb-darkening coefficients of 0.54 and 0.58 were adopted from the tables of Díaz-Cordovés et al. (1995) based on the temperatures and surface gravities of the components.
The mass ratio (q = M B /M A = 0.888) was adopted from the spectroscopic analysis in Section 4. Other adjusted parameters were the magnitude at quadrature and the phase of the deeper eclipse. The amount of "reflected light" was calculated from bolometric theory (see Popper & Etzel 1981) . The fitting procedure converged to very similar solutions for the separately analyzed URSA and NFO data sets (Table 7) . Examination of the residuals showed that small but significant night-to-night residual variations remained in the NFO data even after application of the photometric flat, and to a much smaller extent, were also present in the URSA data. The fact that they are essentially absent from the URSA data, which were obtained contemporaneously with the NFO data, shows that they are not intrinsic variations in the stars' brightness, but are only optical effects due to the type of telescope used. We have applied nightly corrections, based on the initial photometric orbits, to the data sets to remove these observational effects. The number of nights on which these adjustments were made is listed in Table 7 as "Corrections." Fits to the "corrected" data then show significantly reduced residual variance, and we have adopted these improved fits for further use. Residuals from the fits were checked for periodic variations by using the Mac.Period application (Lacy 1993) . No sign of periodic variations were seen for periods ranging from 0.1 to 100 days.
The uncertainties of the fitted parameters of the light curve solutions were estimated by the jktebop method and also checked by doing 500 Monte Carlo simulations of the light curve data, which confirmed the essential correctness of the initial error estimates.
Nonlinear limb-darkening laws were tested to see if they would improve the fits. The quadratic laws of Claret (2000) and Claret & Hauschildt (2003) were tried, but they did not improve the fit, so the linear laws we used were the best fits to the data.
COMPARISON WITH THEORY
Combination of the fitted radial velocity parameters, the fitted ephemeris curve solution, and the fitted photometric orbit gives the absolute properties of Table 8 . The masses are accurate to better than 0.7% and the radii to better than 2%. These absolute properties have been compared with the predictions of the Yonsei-Yale models (Yi et al. 2001 ) and the Granada models (Claret 2004) . Figure 8 shows the observed and theoretical Yonsei-Yale main sequence with an isochrone for an age of 370 Myr and with a metallicity of Z = 0.0189. The observed properties fit the theoretical main sequence well, but there is relatively poor agreement on the age of the system (±60 Myr). Similar results are found from a comparison with the Granada models at an age of 380 Myr with a metallicity of Z = 0.020.
Because the apsidal motion has been accurately measured in Section 3 above, a comparison between the observed internal structure constant and the theoretical prediction of the Granada models can be made. Here we have corrected for the rotational distortions and the relativistic contribution as in Giménez (1985) to find the mean Newtonian structure constant, log k 2 . The theoretical result is log k 2 = −2.44 ± 0.08 and the observational result is −2.13 ± 0.17, so they do not agree. It is known that disagreements of this sort can occur if the rotation axes of the stars and the orbital axis are misaligned, as in the famous case of DI Her (Albrecht et al. 2009 ), so that may be a plausible explanation. It would take additional spectroscopic observations to test this hypothesis.
The theoretical timescales for orbital circularization and spin synchronization may be computed from the Granada models. The time for orbital circularization in years is log t cir = 8.70, slightly greater than the system age (log t = 8.57 ± 0.06), so is not inconsistent with the observed eccentric orbit. The theoretical spin synchronization times, however, are slightly less than the system age (8.51 and 8.53), which is contrary to the observed asynchronous spin of star B (star A is spinning synchronous with the mean angular rate, and star B is spinning at twice the mean angular rate). Such disagreements between theory and observation of binary star spin states are not uncommon (see Lacy et al. 2012 ). (2011) Bozkurt (2011) was the first to publish absolute properties of this eclipsing binary, but his work is based on many fewer observations than ours. He had 763 differential photometric observations in each of two filters, whereas we have 7456 + 5666 differential photometric observations from two independent telescopes. He had 12 spectroscopic observations whereas we have 67. A comparison of his results with ours is given in Table  9 . In many cases the results are significantly different, such as the 6% difference in r B , the 6% difference in m A , and the very different values of L A /L B (15% difference). We believe that the differences are mainly due to the smaller number of Bozkurt's observations.
COMPARISON WITH THE WORK OF BOZKURT
